Purpose: Establishing the effects of a formal auditory training program on individuals, after a traumatic brain injury by means of behavioral and electrophysiological tests. Study Design: Longitudinal study. Setting: Study conducted at the electrophysiology clinic of the Federal University of São Paulo. Patients:
Introduction
Traumatic brain injury (TBI) essentially consists in the result of physical aggression on the skull and its contents caused by impact and acceleration/deceleration of the brain inside the skull. The lesions caused in the brain during such events can be primary or secondary [1] .
Primary injuries refer to those that occur at the moment of trauma and include extradural and subdural hematomas, contusions and diffuse axonal injury. Brain deformation caused by extreme acceleration and deceleration affects nerve fibers, including the neural substrate responsible for hearing, thus resulting in central auditory deficits, particularly the case in diffuse axonal injury, which involves several areas such the cortical and subcortical auditory regions [2] .
Due to the high frequency of brainstem and cortical lesions in TBI patients [3] , the performance of long and short-latency auditory evoked potentials (AEP) and behavioral assessment of Central Auditory Processing (CAP) are important in the evaluation of the auditory function at the brainstem and in the subcortical and cortical regions. Many TBI patients exhibit Central Auditory Processing Disorder (CAPD) which can only be identified by means of electrophysiological techniques and tests for central auditory function [2] .
As a function of the above mentioned alterations can be found in TBI patients and can affect communication, including hearing, speech and other cognitive functions, rehabilitation programs might benefit these individuals by contributing to improve their quality of life.
Spontaneous recovery following brain injury, more specifically TBI, occurs within the first 3 months [4] , particularly in the first month [5] . After this initial period, the injured brain can modify and readjust itself through stimulationinduced neuronal plasticity, for which the limiting factors are the size, site and severity of the injury.
Formal auditory training (FAT) involves auditory stimulation aimed at maximizing the effects of central nervous system plasticity [6] . It comprises a set of strategies to develop or rehabilitate the auditory skills that participate in the linguistic and phonemic processing needed to understand speech.
In addition to providing important information for the diagnosis, the AEP might be useful to monitor the treatment of TBI patients, giving evidence of changes in neural activity related to the auditory experiences induced by FAT. Due to its plasticity, the central nervous system (CNS) is able to reorganize itself as a function of the stimuli received; thus, changes in AEP latency and amplitude parameters can provide an objective measurement of that plasticity.
Several studies with different populations have shown that FAT induces neuroplasticity, i.e., the increase in the number or strength of neuronal synapses and/or synchrony, which is evidenced by an increase of amplitude and/or a reduction of latency in the AEP [7] - [17] , resulting in behavioral changes [17] - [24] . Given the above, the aim of the present study was to determine the effects of a FAT program on individuals with TBI by means of behavioral and electrophysiological tests.
Methods
The present study was conducted at the auditory processing and electrophysiological laboratories of the Auditory Disorders Class of the Federal University of São Paulo (Universidade Federal de São Paulo-UNIFESP) after approval by the institution's research ethics committee (ruling 0389/10).
The sample of this study consisted of nine individuals, chosen independently of the sex, as a consequence of the injury that occurred in the 2011 and 2012 period of the study, and it was necessary to meet the following inclusion criteria: individuals with severe closed TBI (score 3 -8 on the Glasgow Coma Scale upon hospital admission), exclusively induced coma, diffuse axonal injury with or without associated focal lesion, time interval between trauma and enrollment in the study of 6 -24 months, age between 18 and 37 years, of both genders, righthanded, with complete secondary education, and normal auditory threshold between 250 and 8000 Hz.
Since we had very strict inclusion criteria, our sample size was reduced but homogenous, considering neurological damage.
All participants were subjected to the following procedures: 1) Clinical interview to collect data on hearing and TBI.
2) Behavioral and electrophysiological assessments and reassessments of CAP, before and after FAT. The electrophysiological assessment included brainstem (BAEP) and P300 long-latency (LLAEP) auditory evoked potentials. The behavioral assessment was performed in an acoustic booth and included the following tests: synthetic sentence identification test with ipsilateral (SSI-ICM) and a contralateral (SSI-CCM) competing message, pure-tone duration pattern test (DPT), staggered spondaic word test (SSW), and random gap detection test (RGDT).
3) FAT distributed among eight 45-minute sessions held twice a week, based on Pereira and Dias [25] , and Dias and Gil [26] .
FAT sessions followed an increasing order of complexity, as did the activities performed in each session, in order to promote intense stimulation and challenging activities to the auditory system.
The program included training of the temporal-order judgment, auditory closure and figure-ground skills for verbal and nonverbal sounds in monotic and dichotic listening tasks. Participants were requested to point to sentences and numbers and verbally repeat sounds or imitate a given sound pattern. The right and left ears were trained separately; thus, during training sessions to the right ear, participants were instructed to ignore the sounds presented to the left ear and vice-versa. Sound intensity level was fixed in the trained ear, gradually increasing in the other ear, thus inducing a positive to negative shift in the signalto-noise ratio, i.e., from the easiest to the most difficult, according to the DIID (Dichotic Interaural Intensity Difference) paradigm [27] .
In each session, an accuracy level of approximately 70% was established to move on to the following phase, in order to maintain motivation and avoid frustrating the participants [18] .
Once collected, data were statistically analyzed. The Wilcoxon test was used to compare the results of behavioral and electrophysiological assessments of CAP before and after FAT. Statistically significance is indicated by asterisks (*), and results bordering significance are indicated by pound signs (#). The significance level adopted was 0.05 (5%) and the confidence interval was 95%.
Results
The sample comprised nine participants aged 20 to 37 years (27 years on average). Of these, 6 had completed secondary education, while 3 had in complete higher education. All participants had suffered severe TBI (average Glasgow score upon admission of 5.7) about 10 months prior to the study, which required hospitalization for a period of 50.6 days. All subjects in the study participated in formal auditory training by completing all proposed sessions.
All participants were male, had memory and attention complaints, speech comprehension difficulties in noisy environments, and difficulties to speak, read and/or write. Regarding the type of affliction, all patients presented diffuse axonal injury; 2 did not have associated focal lesion; 3 had subdural hematomas; 1 had an extradural hematoma; 1 hada temporal-lobe contusion; 1 had a frontaland temporal-lobe contusion, and 1 had both, subdural hematoma and temporal-lobe contusion. statistically significant for the absolute latencies of waves III and V, and o for interpeak interval I-V. As seen in Table 1 , it was possible to detect an objective measure of neural plasticity in brainstem, reflected by the shortening of Waves III and V latencies.
Regarding the P300-LLAEP, Table 2 shows that neither the latency nor the amplitude parameters exhibited significant differences between assessments, i.e., before and after FAT.
Behavioral assessment results of CAP before and after FAT were expressed as percentages and showed significant improvements in the SSW, SSI-ICM, and DPT tests (Table 3 ). In Table 3 , it can be observed that four behavioral measures showed statistical differences when comparing pre and post auditory training, with better performance observed after the training. Moreover, median values showed normal performance according to our analysis criteria. These changes may influence on language, academic, professional and social performance of these young adults.
In the case of the RGDT test, the average interval (in milliseconds) of the tested frequencies needed for individuals to perceive the presence of 2 sounds was lower in the assessment following FAT than in the initial assessment; however, there was no statistical significance (Table 4) .
Although no statistical difference have been observed for RGDT, there was a decrease in the mean value obtained after auditory training program. These changes may help the patients in improving their auditory discrimination of subtle differences in speech perception resulting in better performance in conversations.
Discussion
Regarding the inclusion criteria, young adults were selected in order to avoid the influence of age on the behavioral assessment of CAP, as the corresponding tests are influenced by the maturation and degeneration processes of the central auditory pathway. Furthermore, right-handed individuals were selected because hand dominance also affects this assessment. Individuals not undergoing any speech, language or occupational therapy intervention before the assessment and with the minimum schooling corresponding to complete secondary education were selected aiming at equal times for a similar formation. Individuals could not have any evident physical, cognitive and psychological problem to avoid that any of these variations affected their capacity to perform the rehabilitation process (FAT).
Regarding the length of injury, periods from 6 months to 2 years after TBI were established to avoid the influence of the spontaneous recovery that follows brain injury, which occurs within the first 3 months in the case of TBI [4] . Following that period and for up to two years, the brain can modify and readjust itself through stimulation-induced neuronal plasticity [28] .
As for the type of lesion, diffuse axonal injury was selected as inclusion criterion because it affects the neural fibers, causing distension and rupture of axons in the brain as a whole, and it may affect several areas, such as the cortical and subcortical auditory regions [2] . The associated focal lesions in the present sample mostly corresponded to subdural hematomas, and the frontal and temporal lobes were most frequently affected by the biomechanical strength of the trauma. Notably, because both subdural hematomas and diffuse axonal injury are caused by the acceleration and deceleration mechanism of the head, their association is common [29] .
Study observed a deterioration of associative memory in left upper and frontal orbital area of left cortex [30] among patients with axonal injury after TBI. However, intact memory was observed with post TBI lesion in the temporal region under incidental to intentional activities as learning conditions [31] .
As for electrophysiological assessment of CAP, the BAEP showed a statistically significant reduction of absolute latencies of waves III and V and of interpeak interval I-V when compared to the assessment before FAT (Table 1) . This means that improvement of the more central components of the BAEP took place. These results may reflect an objective measurement of neuronal plasticity induced by FAT because, auditory training (AT) activates the auditory and associated systems [32] , resulting in beneficial alterations of the auditory behavior and the central auditory nervous system (CANS). The changes observed in latency and/or amplitude of the AEP following AT are caused by excitation of a large number of neurons and greater neuronal synchrony [12] .
Several authors have recommend the use of AEP to monitor neurophysiological changes induced by AT [9] [10] [11] , and LLAEP is the most widely used potential for that purpose, as neuronal plasticity varies along the auditory pathway and it is greatest in cortical regions [13] [14] . Consequently, few studies have used the BAEP click to monitor changes induced by FAT. On the other hand, studies using BAEP along with speech stimulation (BAEP-C) did not find significant alterations after training [13] [14] [33] . The only one study that used click stimulation [16] reported an improvement of the BAEP after FAT among children with CAPD. Nevertheless, based on the results of the present study, one can safely assert that BAEP is a reliable tool to measure stimulation-induced neuronal plasticity, and it should thus be included in monitoring studies following an intervention.
Previous studies using LLAEP to assess the neurophysiological changes that occur after AT found improvements of amplitude, latency, and/or morphology of waves as a function of the auditory stimulation. However, there is not a consensus on which measurement, i.e., either amplitude or latency, is more sensitive for detecting neuronal plasticity [7] [34] . The present study did not find significant differences neither of amplitude nor latency of P300 -LLAEP before and after the FAT ( Table 2 ).
The appearance of the potential P3 appears in different latencies by age group after performing a task that requires attention. In this way, the greater the age, the longer the latency; a relationship between the auditory cortex and cognition, such as memory and auditory attention, is observed. The latency of the P300 wave is an indicator of the speed of cortical processing and is quite prolonged in cases of cognitive deterioration [35] .
Behavioral assessment of the AP (Table 3 ) showed significant improvements of the individuals' performance in the SSW, SSI-ICM and DPT behavioral tests. Furthermore, the average performance in the SSW and DPT tests shifted from altered to normal state, representing adequacy of the auditory figure-ground skill for words and temporal ordering skill, respectively.
The RGDT test (Table 4) showed that the average interval (in milliseconds)of the frequencies needed for individuals to perceive the presence of 2 sounds was lower after FAT compared to the initial assessment, although no statistically significance was found. Nevertheless, the individuals' average performance shifted from altered to normal state after FAT. This denotes the adequacy of auditory temporal resolution skills, which are associated with phonologic and auditory discrimination features, essential for effective communication and consequently important for social, academic and professional development.
Intense FAT in increasing order of complexity maximizes cortical plasticity and leads to learning [36] . In the present study, FAT was performed under these conditions, and behavioral results showed that FAT induced neuronal plasticity, leading to a behavioral change. Several authors have reported improvements of auditory skills following FAT due to changes in the neural substrate, thus in line with the present results and indicating the use of FAT as a tool for the rehabilitation of central auditory disorders, as studies have shown that the CNS can be modified by AT [17] - [22] . However, there are notably few studies with TBI patients in order to corroborate or not the evidence for significant behavioral changes related to auditory abilities after FAT.
In the present study, the reassessment was performed soon after the end of the training (approximately one week later). According to some studies, the neural changes often precede the behavioral ones [8] [9] . This indicates that reassessments carried out in even later moments could have detected an even greater improvement of auditory skills. When trained individuals are exposed to activities with high auditory demands, the environment itself enhances the improvement and even pushes it forward. Therefore, it is important to guide patients to expose themselves to several activities, particularly the most difficult ones, after they undergo FAT. The abovementioned studies further observed that when the behavioral tests indicate improvement while electrophysiological tests do not, an alternative neural pathway might have been recruited. This phenomenon may explain the lack of significant difference on the LLAEP in the present study, i.e., individuals with brain damage may have activated adjacent auditory cortical areas after FAT.
Study observed that whenever rehabilitation results in electrophysiological and behavioral changes, the strategy of intervention can be considered successful [6] . This was the case of the present study, as behavioral tests of the AP and the BAEP indicated improvements in spite of the lack of significant difference on the LLAEP. Therefore, one could infer that FAT was effective in the rehabilitation of central auditory disorders of TBI patients, thus agreeing with study [27] who found symptom improvements in the behavioral and electrophysiological assessments of AP following AT in a female patient with mild TBI.
Neuronal plasticity is known to differ between individuals with and without brain injury; however, the present study showed that FAT was efficient in the induction of neuronal plasticity by means of stimulation in individuals with TBI, turning auditory skills adequate and at least partially compensating for the cognitive, metacognitive and metalinguistic deficits of patients, as explained by Musiek and Chermak [2] . Thus, FAT might contribute to a better adaptation of these individuals to their environment. Based on the data described above, the importance of not only assessing the central auditory pathway of individuals with TBI but also subjecting them to a program of auditory rehabilitation becomes clear. Thus, neurologists should pay closer attention to this population in first moments but then audiologists should also be involved in the treatment. As studies on this subject are scarce, further studies are needed with patients exhibiting different degrees of severity of lesions in order to establish the need to assess and rehabilitate them and to monitor the improvement of auditory skills and its repercussions on the patients' speech.
As limitations of the study, it could be pointed out the sample size justified in this study by the inclusion criteria, since the authors chose to have a homogeneous sample considering neurological damage. Another point which could be worth to mention, was that no subjective measure was used in order to verify the patient's opinion about their improvements.
Conclusion
Individuals with diffuse axonal injury following severe traumatic brain injury exhibit an improvement of central auditory processing after formal auditory training, as evidenced by electrophysiological and behavioral assessments.
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